Abstract -In a frustrated binary-mixture system of ferroelectric and antiferroelectric liquid crystals, where the border line between SmC * A and SmC * in the temperature-concentration phase diagram runs almost parallel to the ordinate temperature axis, we have found a continuous change between them close to the critical concentration. The continuity has been confirmed as an intrinsic property in the bulk by observing almost perfect bell-shaped Bragg reflection bands due to the helicoidal director structure. The temperature variation of peak wavelength of the half-pitch band and, in particular, the characteristic disappearance of the full-pitch band apparently within the SmC * temperature region have been simulated with a change in the ratio of ferroelectric and antiferroelectric orderings. The observed continuous change has been described by the entropy effect in the 1D Ising model with the synclinic and anticlinic orderings as spins.
* A ; each layer has the spontaneous polarization, P i ∝ k × n i . The chirality leads to additional small modulations in the azimuthal angle, ∆ϕ = δ C in SmC * and ∆ϕ = 180
• + δ CA in SmC *
A . Here δ C and δ CA are both ca. 1
• and have opposite signs; the helicoidal full pitches, p C = (360/δ C )l and p CA = (360/δ CA )l, typically encompass hundreds of layers and (a) E-mail: jvij@tcd.ie may produce the Bragg reflections in the optical wavelength region. Since the ferroelectric and antiferroelectric orderings are almost synclinic and anticlinic, respectively, the helicoidal periodicity is the full pitch in SmC * whereas it is the half pitch in SmC * A . Consequently, the Brillouin zones are ±π/p C and ±π/(p CA /2), respectively; the 2nd-order, ordinary characteristic reflections (the half-pitch bands) are observed in both phases, but the 1st-order, total reflection (the full-pitch band) appears only in SmC * [1, 2] . In many antiferroelectric liquid crystals (AFLCs), the phase transition occurs directly between SmC * A and SmC * . A large number of alternative superstructures characterized by the mixture of the ferroelectric and antiferroelectric orderings have the same free energy at the transition temperature (the frustration point).
When the short-range interlayer interactions between adjacent layers alone are operative, however, none of the superstructures thus produced has a lower free energy than that of SmC * A or SmC * [3] . The transition is of 1st order and occurs inhomogeneously through the propagation of solitary waves, which are the boundaries 56005-p1 A and SmC * becomes blurred for MC452 concentrations higher than 50 wt.%. In ref. [19] , the blurring was ascribed to the emergence of SmC * A (1/3), but the present study clarifies continuous changes, indicating that SmC * A (1/3) does not stably exist at zero electric field. For details see text.
between macroscopic SmC * A and SmC * domains [4, 5] . Any long-range interlayer interactions (LRILIs) may lift the degeneracy and stabilize some of the superstructures to exist as subphases in finite temperature ranges [3] . So far as we are aware of, three reasonable theoretical models for the LRILIs have been proposed, which can predict the emergence of subphases other than the typical ones with 3-and 4-layer superstructures [6] [7] [8] [9] . Among them, the Emelyanenko-Osipov model can intuitively explain the microscopic short-pitch helical structures, though highly distorted, of the subphases as well as the staircase character of the subphase emergence, both of which were experimentally confirmed unambiguously [10] [11] [12] [13] [14] [15] [16] .
The subphase superstructures are still specified by numbers of quasi -synclinic ferroelectric and quasianticlinic antiferroelectric orderings in a unit cell, respectively [10, 17] . Since these LRILIs are generally weak, the lower-temperature subphase is expected to have a smaller q T than the higher-temperature one. In fact, subphases with q T = 1/4, 1/3, 2/5, 1/2, 3/5 and 2/3 have been reported to emerge in the order of increasing temperature; the 3-, 4-and 6-layer superstructures with q T = 1/3, 1/2 and 2/3, SmC * A (1/3), SmC * A (1/2) and SmC * d6 , have been well confirmed by sophisticated experimental techniques [10] [11] [12] [13] [14] [15] [16] . Here the subphase with q T = 2/3 is designated as SmC * d6 by specifying the distorted microscopic helical short-pitch, p qT [16] . In fact we reported an additional phase with a number of layers in a unit cell either 5 or 6 [10] prior to the work of Wang et al. [16] . The exact number of layers in the unit cell could not have been confirmed at that stage. In the Emelyanenko-Osipov model, the pitch is generally given by
Since the subphase superstructure is approximately characterized by the mixture of the synclinic and anticlinic 56005-p2 * A to synclinic SmC * A to SmC * observed in a binary mixture of MC881 containing 53.74 wt.% MC452: some of the transmittance spectra measured at 20
• oblique incidence by raising temperature at intervals of 0.1
• C in a 50 µm homeotropic cell. The absorption peaks in the transmittance spectra correspond to the Bragg reflection peaks.
orderings, the macroscopic helical pitch of the subphase with q T , p(SmC *
where p(SmC * ) and p(SmC * A ) have opposite signs [10, 13, 18] .
In this way, not only the direct transition between SmC * A and SmC * but the sequential transitions as well via the subphases are of 1st order and these accompany abrupt changes in the macroscopic helicoidal pitch. Recently, however, we encountered an unexpected, very special AFLC where the change from SmC * A to SmC * is continuous in the sense that the macroscopic helicoidal pitch does not show any abrupt jump. The AFLC is a binary-mixture system of antiferroelectric MC881 and ferroelectric MC452, the chemical structures of which are given in fig. 1 . The global temperature-concentration (T -r) phase diagram has been roughly obtained as reproduced in fig. 2 [19] ; the border line between SmC * A and SmC * runs almost parallel to the ordinate temperature axis so that we can define the critical concentration, r c . Among the several mixtures near r c that were studied, we report here the details of a MC881 mixture containing 53.74 wt.% MC452, which shows a most typical continuous change and conclude that it results from the lifting of degeneracy due to the entropy effect. Note that the continuous change at issue is an intrinsic property observed in the bulk and hence this is completely different from the "Gradual phase transition. . . " treated in ref. [19] which in turn is caused by the interface effect. The Bragg reflection bands were obtained by measuring the transmittance spectra at an oblique angle of incidence of 20
• ; the full-pitch band could not be observed for normal incidence because of the selection rule. In order to check whether there do exist any subphases, we also obtained the E-T phase diagram by drawing the contour lines of electric-field-induced birefringence which was measured using a photoelastic modulator (PEM). The contours show characteristic patterns indicating the stability of the subphases as well as the main phases, SmC * A , SmC * , and SmA, under electric field [10] . Figure 3(a) is the E-T phase diagram and has such characteristic patterns. The contour lines show a valley (the most easily deformable region) at around 357.0 K, which indicates that an applied electric field stabilizes SmC * A (1/3). Since the bottom of the valley is not flat but sharp-pointed downwards, however, SmC * A (1/3) does not stably exist at zero field. Such a situation has been observed in several compounds and mixtures recently [10] . There also seem to emerge SmC * (358.0-381.0 K) and SmA (above 382.0 K) on the high-temperature side and SmC * A on the low-temperature side. Moreover, the behavior of the contour lines just below SmC * A (1/3) seems to indicate the possible emergence of several subphases, SmC * A (0 < q T < 1/3)'s. Figure 3(b) shows the Bragg reflection peaks vs. temperature. We observe no reflection band in the SmC * A temperature region because, as the concentration of MC452 increases, the reflection band moves toward the shorter-wavelength side and comes to be buried in the intrinsic absorption even in the ca. 10 wt.% mixture; the half-pitch band in SmC * A of pure MC881 is observed at about 0.4 µm with right-handed circular polarization for normal incidence. Figure 4(a)-(d) illustrates some of the transmittance spectra. The reflection band is almost completely buried under the intrinsic absorption at 351.0 K, this shows a shoulder at 352.0 K and a peak at 353.0 K is clearly observed as seen in fig. 4(a) . As the temperature increases further, the reflection band moves toward the longer-wavelength side; it broadens slightly when the peak-temperature curve shows a bulge and then becomes slightly sharper at around 358.0-359.0 K as seen in fig. 3(b) and fig. 4(a) . The bulge consisting of slightly broader reflection bands must be related with SmC * A (1/3); nevertheless, the macroscopic helicoidal pitch changes continuously across the subphase region.
On a further increase in the temperature, the peak wavelength and the band width abruptly increase at the same time as shown in fig. 3(b) and fig. 4(b) . Although no reflection band is observed between 360.2 and 360.6 K in the wavelength region covered by the spectrometer used, though very noisy above 1.6 µm, a very broad reflection band is observed at 360.6 K again. Then the peak wavelength and the band width abruptly decrease at the same time up to ca. 362.3 K as seen in fig. 3(b) and fig. 4(c) . The peak wavelength appears to diverge at 360.4 K; the reflection band is right circularly polarized on the low-temperature side of the divergence while left circularly polarized on the high-temperature side. Note that the divergence occurs in the apparent SmC * temperature region (358.0-381.0 K) as assigned above from the observed characteristic patterns of the contour lines in the E-T phase diagram. So long as the fullpitch band is observed, the phase can be assigned as SmC * ; however, the full-pitch band is not observed below 362.3 K. By increasing the temperature above 362.3 K, the full-pitch band emerges and its intensity increases continuously until 363.0 K; contrastingly, the half-pitch band does not show any change during the buildingup process of the full-pitch band as seen in fig. 4(d) . Afterwards both bell-shaped full-and half-pitch bands move slightly toward the longer-wavelength side, and then at 379.0 K they show rather steep decreases in the peak wavelengths. These slight gradual increases and sudden decreases in the peak wavelengths are frequently observed and are considered to be the characteristic features of SmC * [10, 18 ]. An increase in the peak wavelength accompanied with a broadening of the reflection band interlaced with multipeaks were observed just above SmC * A in some other AFLCs. These observations were ascribed to an emergence of several subphases just above SmC SmC * A (0 < q T < 1/3)'s, due to the LRILIs [6, 10] . However, the experimental results presented in figs. 3 and 4 for the 53.74 wt.% mixture are characteristically different from those reported previously such that the peak wavelength of the reflection band changes continuously over a wide range of wavelengths varying from 0.35 µm to 1.7 µm, crossing the bulge in the SmC * A (1/3) region. In addition the reflection band keeps its almost bell-shaped appearance throughout the range of wavelengths. In a similar manner, on the high-temperature side, a conspicuous decrease in the peak wavelength and a sharpening of the reflection band cannot be ascribed to an emergence of several subphases with 1/3 < q T < 1 due to some sort of LRILIs, either. Among the three theoretical models for the LRILIs proposed, so far, in the literature which can explain the emergence of subphases other than the typical ones with 3-and 4-layer superstructures, SmC * A (1/3) and SmC * A (1/2), no model predicts the emergence of several subphases, SmC * A (1/3 < q T < 1)'s, on the hightemperature side of SmC * A (1/3) [6] [7] [8] [9] . We need to find out another cause for the observed continuous change in the macroscopic helicoidal pitch from SmC * A to SmC * . Since the energy difference between SmC * and SmC * A in the 53.74 wt.% mixture must be appreciably small over a very wide temperature range [19] at the frustration point can explain the experimental results given above [20] . The change between SmC * A and SmC * is usually considered to occur through the azimuthal angle freedom, but the energy barrier between them is expected to be very large even in the 53.74 wt.% mixture [19] . The entropy effect can be treated in the 1D Ising model with the synclinic and anticlinic orderings as spins, where the continuous change but not the phase transition is to occur. The energy difference can be approximated as 
where use is made of the definition of q T . By combining eqs. (2) and (3) and by ignoring the dispersion of refraction indexes, the experimentally observed Bragg reflection peak vs. temperature, at least on the high-temperature side of the pitch divergence at T = 360.4 K (q T = 0.70), is rather well reproduced as shown in fig. 5 . We assume the halfpitch reflection bands occur at 0.35 and 0.75 µm in SmC * A and SmC * , respectively, disregarding the temperature variation within the main phases. The handedness changes from right to left when crossing the divergence with increasing temperature. An appreciable increase in the peak wavelength can be seen at q T = 0.9 but not at q T = 0.99.
In order to see to what extent the entropy effect can explain the continuous build-up of the full-pitch band at around 362.3 K, let us simulate the Bragg reflection bands by assuming appropriate superstructures with q T = 0.9-0.99. Thermally induced flip-flopping between the synclinc and anticlinic orderings may occur through a simultaneous change in the tilting sense of some neighboring layers with a solitary wave propagation; anticlinic ordering defects are dynamically created or annihilated as pairs in the otherwise synclinic ordering prevailing throughout the bulk. Some LRILIs may also promote defect movements along the layer normal direction. The defect pairs must be distributed randomly throughout the bulk and their average number is (1 − q T )/2, which is given above as a function of T . The only parameter necessary to simulate the superstructure at T is the defect separation of a pair, n = |x| + 1 smectic layers, where x is assumed to be given by random numbers distributed normally with a standard deviation of σ smectic layers, exp {−x 2 /(2σ 2 )}/( √ 2πσ). We have calculated the Bragg reflection spectra by using Berreman's 4 × 4 matrix method for randomly produced 10 superstructures and then have averaged them out. Figure 6 summarizes the results, which successfully reproduce the disappearance of the full-pitch band within the apparent SmC * temperature region, although a rather large σ needs to assure the disappearance at around q T 0.99. In spite of the success in the high-temperature region, eqs. (2) and (3) could hardly reproduce the experimentally observed continuous temperature variation of the Bragg reflection peak in the low-temperature region. The interplay between the entropy effect and the LRILIs must be important and is an interesting problem to be studied in the near future.
Is it possible that the synclinic and anticlinic orderings are flip-flopping dynamically in the 53.74 wt.% mixture and if so why? The well-established tilted smectic structure suppresses the thermal excitation of the cooperative director motion of the antiphase mode, the latter promotes the change between SmC * A and SmC * ; hence the phase transition between them is ordinarily treated in the absolute-zero-temperature approximation by neglecting the entropy effect. It is not impertinent, however, to conclude that the observed thermally induced continuous change from SmC * A to SmC * near the critical concentration, r c , is due to the lifting of degeneracy at the frustration point arising from the entropy effect because of an exceptionally small α. In fact, Song et al. studied the field-induced phase transition from SmC * A to SmC * in the 20-50 wt.% mixtures, determined α, and confirmed that it rapidly becomes smaller as the MC452 concentration approaches the critical concentration, r c 59 wt.% [19] . They obtained α = 2.5 × 10 3 erg · cm at T − T c = 20 K and which is three orders of magnitude smaller than the thermal energy k B T /(volume per molecule) at 300 K. Note that the dynamical flip-flopping of a smectic layer has been known to show a very slow relaxation, 132 Hz, in the autocorrelation of the laser beam diffraction intensity observed in SmC * A (1/3) of MHPOBC [21] . It is suggested that the photon correlation spectroscopy experiment on the 53.74 wt.% mixture must be useful in elucidating the details of the dynamical flip-flopping processes. * * * Mitsubishi Gas Chemical Company, Inc. is acknowledged for the gift of liquid-crystal compounds, and the Irish Research Council of Science Engineering and Technology is thanked for the award of a post-doctoral Fellowship to KLS. The laboratory facilities were equipped with a grant from SFI.
